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III.  Annual  Pruyross  Report 


Microembolization  resulting  from  microaoiirepation  of  platelets  and  leuko- 
cytes has  been  implicated  in  the  [tathoqenesis  o*  complications  following  shock 
(l-b),  trauma  (b),  atid  extracorporeal  circulation  (7-12).  Pulmonary  emboli- 
zation of  these  microa()gregates  (2-6,13),  as  well  as  those  that  develop  in 
stored  blood  (13-18),  lias  been  shown  to  cause  alterations  in  the  structure 
and  function  of  the  lungs  of  experimental  animals.  Shunting  of  blood  contain- 
ing these  microemboli  througii  the  hepatic  microcirculation  (4)  or  removal 
of  the  microaggregates  by  Dacron  wool  (10,18)  and  40  u |)ore  mesh  filters 
(0,19)  prevents  these  lung  changes.  In  addition.  Dacron  wool  filtration  dur- 
itu)  cardiopulmonary  bypass  reduced  the  incidence  of  systemic  non-fat  emboli 
and  may  lower  mortality  (11,12). 

factors  which  are  implicated  in  microembolic  phenomena  during  resuscita- 
tion from  trauma,  stiock,  extracorporeal  blood  oxygenation  or  intraoperative 
autotransfusion  include:  1)  infusion  of  microaggregates  present  in  stored 
blood  used  during  the  procedure  (10,11,13-18);  2)  formation  of  platelet  aggre- 
gates in  tlie  (latient  and/or  in  the  support  apparatus  (8,10,21);  3)  incomplete 
removal  of  small  air  bubbles  induced  by  blood  oxygenators  (22,23);  4)  denatu- 
ration  of  plasma  proteins  (24);  and  5)  infusion  of  fat,  fibrin  and  otlier  for- 
eign material  aspirated  from  the  operative  site  (25-28).  Quantitative  infor- 
mation on  the  relative  contribution,  if  any,  of  each  of  these  possibilities 
in  the  etiology  of  postoperative  complications  is  not  available;  however,  the 
microaggregates  in  stored  blood,  air  and  fat  embolism  and  platelet  aggregation 
have  been  considered  most  important. 

Swank  has  used  the  screen  filtration  (iressure  (SFP)  techniciue  to  quanti- 
tate tfie  microaggregates  which  develop  in  stored  blood.  The  SPf  is  the  pres- 
sure required  to  force  blood  at  a constant  rate  through  a 20  pore  mesh  fil- 
ter (29).  tie  noted  that  the  microaggregates  passed  through  a standard  clot 
filter  but  were  renroved  by  wool  filters  (14).  In  subsequent  studies,  he  noted 
that  tfie  high  SFP  measured  in  stored  blood  used  during  heart-lung  bypass  was 
noted  to  fall  to  normal  levels  after  passage  of  the  blood  through  tiie  patient 
(15).  In  addition,  the  SFP  was  higher  in  central  venous  blood  samples  than 
in  arterial  or  iieripheral  venous  samples  of  patients  receiving  blood  transfu- 
sions (30).  This  implies  that  the  material  infused  is  removed  by  the  micro- 
circulation  of  the  recipient  and  is  consistent  with  findings  of  multiple  micro- 
emboli in  patients  who  had  recently  received  massive  transfusions  (16,31). 

Studies  of  combat  casualties  have  shown  increased  hypoxemia  after  trans- 
fusion of  over  eight  units  of  stored  blood  (30,32)  and  have  implicated  the 
microaggregates  present  in  stored  blood  in  the  development  of  pulmonary  insuf- 
ficiency after  trauma.  However,  because  of  the  many  complicating  factors  us- 
ually present  during  massive  transfusion  in  man,  such  as  shock,  fat  embolism. 
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blood  with  0 hiiih  SIT  coused  pulmonary  hyporUvis  ion  (1.1,33)  and  transient 
inoroasos  in  iload  space  ventilation  in  doiis  (33)  and  severe  alterations  in 
the  electroencepita  lociraiii  in  cats  (34).  Ul  trastructural  studies  of  the  lunys 
of  dogs  receivimi  large  guantities  of  stored  blood  tiltered  with  tlie  stan- 
dard clot  tilter  have  shown  lesions  similar  to  those  noted  after  hemorrhagic 
sluick  (13).  Ihese  pulmonary  lesions  wiiicit  consist  of  interstitial  edema  and 
degeneration  of  the  capillary  endothelial  and  Type  1 alveolar  cells  (18)  and 
evidi'iice  of  obstruction  of  pulmonary  blood  flow  (13, Id)  were  pr’ovented  by 
effective  filtration  of  ttie  stored  blood. 

Ihe  abovi'  studies  show  that  microeiiibol  i zati  on  occurs  as  a result  of  blood 
ti'ansfusion  and  of  microaggregation  occurritui  in  vivo;  however,  (pianti  tation 
of  ttu'se  I'articles  has  been  limited  because  of  their  wide  size  range  and 
marked  instability.  The  SfP  mettiod  is  sensitive  to  adliesi veness  as  well  as 
aouregation  of  blood  cells  and  platelets  (2dl,  but  does  not  indicate  the 
i|uantity  of  material  which  olistructs  the  20  pores  of  the  filter.  Another 

method  of  ipianti  tat  ion  of  tlie  particulatt'  material  consists  of  weighirni  the 
amount  of  material  retained  by  a filter  (.’7-30).  It)  studies  of  combat  cas- 
ualties receiving  blood  transfusions,  Mosi'ley  and  Ooty  (38)  found  that  as  much 
as  !)  grams  (net  weight)  of  material  wi're  retained  by  the  standard  blood  trans- 
fusion filter  (170  .,41  pore  mesh)  per  unit  of  blood.  However,  this  method 
does  not  reflect  tlie  smaller  sized  particles  which  pass  through  tlic  filters 
nor  the  labile  particles  larger  than  the  pore  size  of  the  filter  which  break 
up  and  pass  through  mesli  filters  (10).  The  ultrasonic  method  can  detect  par- 
ticles in  whole  blood  but  is  sensitive  to  air  bubbles  as  well  as  particulate 
material  (41,42).  liltration  (43)  and  other  technigues  (44-46)  have  been 
develo|ied  for  study  of  platelet  aggregation,  but  these  methods  are  restricted 
to  the  study  of  mi croaggregates  in  plasma  and  do  not  give  (ptanti tati ve  infor- 
mation on  the  size  and  tuiiiiber  of  microaggregates  in  whole  blood. 

In  stuilies  begun  while  in  the  Division  of  Surgery,  Walter  Reed  Army  Insti- 
tute of  Research  (WRAIR),  we  developed  a metliod  of  quantitating  the  size  and 
number  of  microaggregates  in  whole  blood  utilizing  an  electronic  particle 
size  analyzer  (Model  T,  Coulter  T 1 ecti'onics ) . Initial  studies  documented  that 
the  instrument  could  provide  reliable  measurements  of  particles  larger  than 
leukocytes  provided  the  concentration  in  tlie  suspension  being  analyzed  does 
not  exceed  the  established  limits  of  the  aperture  being  used.  The  microaggre- 
gates in  stored  blood  were  found  to  develop  progressively  during  the  21  day 
storage  period  in  ACD  at  T*-’  C.  Particles  smaller  than  25,-1/  comprise  the 
greater  portion  by  volume  of  the  microaggregates  which  developed  during  the 
first  week  of  storage,  while  larger  particles  were  found  to  develop  later 
in  storage  (48).  Filtration  of  stored  blood  through  the  standard  infusion 
filter  (170  .--u  pore  mesh)  did  not  sioni  ficant  ly  remove  particles  smaller  than 
80  -u.  The  40  u pore  filter  (Pall  Corporation,  Glen  Cove,  New  York)  removed 
particles  larger  than  25  ..ii  but  not  those  smaller.  On  the  other  hand,  a Dacron 
wool  filter  (Pioneer  Filters,  llollsboro,  Oregon)  removed  virtually  all  parti- 
cles larger  than  leukocytes  in  stored  blood  (27). 


In  otiu'r  stutlios  beyiin  at  WRAII^,  ttie  electronic  particle  size  analyzer 
was  utilizeil  to  measure  the  size  distribution  of  platelet  aggregates  induced 
in  vitro  and  in  vi_y_q  by  various  aggreyatinci  agents.  In  vivo  mi croagyreya ti on 
of  platelets  was  induced  by  either  infusion  of  adenosine  diptiosphate  (ADP), 
a known  inducer  of  platelet  ayyregatioti , or  by  extravasation  of  blood  into 
the  peritoneum  of  ethei’  anesthetized  rats.  Immediately  after  it)jection  of 
AOP,  microemtioli  13-80  in  size  were  detected  in  the  inferior  vena  cava  blood 

but  not  in  arterial  blood  of  etlier  anesttietized  rats.  Tlie  increased  micro- 
emboli in  venous  blood  returned  to  control  levels  within  three  minutes  aftei' 

AOP  injection.  Immediately  after  the  infusioti  of  ADP  the  arterial  blood  pres- 
sure and  platelet  coticentrat i on  fell  and  the  venous  blood  pressure  increased 
suyuestiny  that  occlusion  of  the  pulmonary  microcirculation  occurred  as  a 
result  of  tile  intravascular  aggregation  of  platelets.  These  alterations  in 
venous  and  arterial  pressure  and  the  platelet  counts  returned  to  control 
levels  within  three  to  five  minutes  as  the  concentration  of  microemboli  in 
the  venous  blood  gradually  fell  to  cotitrol  levels.  These  studies  indicated 
that  the  mi croagyreya tes  of  platelets  were  formed  in  the  peripheral  vascular 
bed  and  embolized  to  the  lung.  The  transient  alterations  in  the  hemodynamics 
caused  by  these  particles  suggest  tliat  they  are  rapidly  broken  igt  i_n  vi vo. 

These  studies  confirmed  previous  histologic  observations  of  the  time  coui'se 
of  trai'ping  of  platelet  aggregates  in  the  pulmonary  microcirculation  and  de- 
n)onstrated  that  the  electronic  particle  size  analyzer  could  detect  microemboli 
formed  i_n  vivo.  The  inhibition  of  platelet  aggregates  induced  in  vivo  by 
adenosine  (53)  and  prostaglandin  tj  (PtlTi.  54)  was  detected  by  a decrease  in 
both  the  cumulative  volume  and  tlie  size  of  aggregates  formed  in  venous  blood 
following  ADP  injection  (49). 


Similar  results  were  obtained  in  studies  of  platelet  aggregates  formed 
followittg  extravasation  of  rat  blood  (53).  Control  blood  drawn  from  the  aorta 
or  inferior  vena  cava  of  rats  contained  low  concentrations  of  particles  larger 
than  13  however,  the  volume  of  particles  formed  in  rat  blood  within  15 

seconds  following  extravasation  was  significantly  increased.  These  aggre- 
gates were  found  to  gradually  increase  in  cumulative  volume  and  modal  size 
during  the  first  90  seconds  following  extravasation.  Subsequently,  deaggre- 
gation was  manifested  by  decrease  in  these  parameters,  with  return  to  control 
levels  [)>'  5 minutes  after  extravasation.  In  other  studies  microaggregates 
formed  during  hypovolemic  shock  and  in  a simulated  intrao|ierati ve  Autotrans- 
fusion apparatus  were  similarly  studied  (55). 


During  the  initial  year  of 
Development  Command  Contract  to 
of  the  electronic  particle  size 
gates  formed  in  vito'o  has  been 
to  study  microembolization  and 
particle  size  measurements  were 
measureiiicnts  of  fixed  particles 
Platelet  aggregates  induced  in 


the  present  II. S.  Army  Medical  Research  and 
the  r)aylor  College  of  Medicine,  the  validity 
distribution  measurements  of  platelet  aggre- 
documented  and  the  technique  has  been  used 
platelet  aggregation  in  man.  The  electronic 
found  to  correlate  closely  witli  independent 
and  of  platelets  using  optical  methods, 
plasma  by  ADP  were  used  to  evaluate  the  size 
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ineasureint'ii ts  i)t'  platelet  apiiretja tes . Tliese  studies  indicated  that  tiu>  i uinu- 
lative  volume  of  aggregates  formed  in  plasma  varied  linearly  with  1)  the 
volume  of  [ilatelets  which  were  available  to  clump  and  2)  simultaneous  changt"' 
in  the  optical  density  of  the  plasma.  The  size  of  the  aggregates  varied  with 
the  dose  and  time  of  exposure  to  APP,  the  volume  of  platelets  available  to 
clump  and  when  aggregation  was  intiibited  by  adenosine.  The  manuscri[>t  of 
this  study  has  api'oared  in  the  Journal  of  A|'plied  Physiology  (56). 

In  a subseguent  study  which  appeared  in  Transfusion  (57),  the  technical 
aspects  of  measuring  the  size  distribution  of  microaggregates  in  blood  wore 
analyzed.  This  included  a description  of  the  calibration  of  the  instrument, 
of  the  reproducibility  of  the  measurements,  of  the  coincidence  limits  of  the 
apertures  used,  of  the  effects  of  hemolyzing  agents  on  microaggregate  disso- 
ciation after  dilution,  and  of  the  effect  of  leukocyte  counting  on  ttie  measuiv- 
ment  of  smaller  microaggregates.  The  major  [loint  made  in  these  studies  was 
that  although  dilution  and  exposure  to  hemolyzino  agents  accelerates  the  dis- 
sociation of  platelet  aggregates,  completion  of  the  analysis  within  15  seconds 
after  dilution  allows  accurate  assessment  of  tfie  size  distribution  of  platelet 
aggregates  in  blood. 

This  study  (57)  also  described  the  effects  of  varying  the  storage  con- 
ditions and  the  types  of  blood  components  on  the  total  volume  of  microaggre- 
gates which  develop  in  blood  duritu]  storage.  The  microaggregates  were  found 
to  develop  progressively  during  storage  of  ACO  whole  blood  at  4 to  o'-'  6. 
Coincident  with  this  there  was  a drop  in  the  platelet  count  during  the  first 
week  of  storacie  and  a progressive  reduction  in  the  absolute  granulocyte  count. 
Microaggregate  develo(mient  after  storage  of  various  components  of  ACH  blood 
was  proportional  to  ttie  concentration  of  I'latelets  and  leukocytes  prior  to 
storage.  The  microaggregates  settled  into  the  buffy  coat  after  centrifuga- 
tion and  became  larger.  In  vitro  studies  indicated  ttiat  they  were  resistant 

to  dissociation  iji^viti'O  in  com(iarison  to  platelet  aggregates  induced  in  fresh 

blood  by  adenosine  di (ihospha te.  Microaggregate  formation  was  greater  in  CPU 
than  in  ACH  anticoagulated  blood  stored  at  4 to  6^’  C for  twenty-four  hours, 
but  was  not  different  after  seven  days  of  storage,  A greater  volume  of  micro- 
aggregates was  formed  in  aliguots  of  ACP  blood  stored  at  4 to  6^’  C than  at 

room  temperature,  while  no  differences  were  noted  after  storage  of  blood  in 
plastic  bags  or  glass  vacuum  bottles. 

In  another  paper  (58),  further  evidence  was  presented  to  support  the 
validity  of  the  electronic  particle  measurements  of  platelet  aggregates  in 
blood.  The  deaggrega ti on  of  platelets  in  pi  isma  was  shown  to  be  accelerated 
by  addition  of  hemolyzing  agents  to  the  diluent  used  to  perform  the  electronic 
size  measurements.  However,  because  of  the  rapidity  of  the  hemolysis  of  red 
colls  and  of  the  subseguent  analysis  immediately  after  dilution  of  blood, 
accurate  measurements  of  platelet  aggregates  in  blood  are  possible  before 
significant  alterations  in  their  total  volume  occurs.  This  was  shown  in  an 
experiment  where  the  initial  platelet  concentration  and  the  population  of 


pliitelets  to  bo  studied  in  plasiiid  and  in  reconstituted  whole  blood  were  held 
constant  by  adding  on  equal  volume  of  either  platelet-poor  plasma  or  saline 
washed  red  cells  to  aliquots  of  platelet-rich  plasma  (PRP).  There  was  no  sig- 
nificant difference  in  the  total  volume  of  the  platelet  aggregates  larger  than 
leukocytes  (13_xi  and  larger)  that  were  induced  in  the  plasma  and  in  the  blood. 

Although  the  Army  Contract  has  supported  the  studies  of  the  electronic 
measurements  of  platelet  aggregates  induced  vi_t£o  and  of  the  microaggre- 
gates that  develop  in  stored  blood,  the  major  objective  of  the  contract  has 
been  and  continues  to  be  to  study  particulate  microembolization  and  altera- 
tions in  platelet  aggregation  resulting  from  or  during  surgical  trauma.  Be- 
cause of  the  large  number  of  patients  undergoing  heart  surgery  in  Houston, 
we  have  utilized  patients  undergoing  cardiopulmonary  bypass  as  a model.  In 
the  initial  study  (52),  particulate  microemboli  were  measured  in  patients' 
blood  drawn  before  and  during  cardiac  operations.  Venous  particle  measure- 
ments did  not  change.  The  volume  of  parti(;;les  in  arterial  blood  drawn  from 
the  bubble  oxygenator  (41.3  4.4  x lO^^u-^/mm^,  mean  S.E.)  was  greater  than 

that  in  venous  blood  (30.7  j;^4.1  x 10^  ^3/nim3^  p 0.005)  only  during  the  first 
ten  minutes  on  bypass.  In  contrast,  the  volume  of  particles  in  blood  drawn 
from  the  cardiotomy  return  line  was  markedly  elevated  (903  121  x lO^vu^/mm^). 

These  microemboli  remained  elevated  throughout  the  procedure,  were  most  evi- 
dent when  extravasated  blood  was  collected  with  the  coronary  suction  line, 
and  had  a size  distribution  similar  to  platelet  aggregates  which  could  be 
induced  iji  vi tro.  A Dacron  wool  filter  removed  89  of  these  microemboli,  while 
a 40^  pore  mesh  filter  and  a polyurethane  foam  filter  removed  58  and  64 
respectively.  The  data  thus  indicate  that  Dacron  wool  filtration  of  blood 
infused  through  the  cardiotomy  system  would  virtually  eliminate  particulate 
microembolism  during  cardiopulmonary  bypass. 

The  major  accomplishment  during  the  second  year  (February  1975  - January 
1976)  of  the  U.S.  Army  Contract  was  the  correlation  of  measurements  of  plate- 
let aggregates  induced  in  blood  in  vitro  by  ADP  with  alterations  in  the  aggre- 
gation of  platelets  that  were  noted  during  cardiopulmonary  bypass.  Although 
some  of  the  particulate  microemboli  measured  in  the  cardiotomy  return  line 
blood  of  patients  were  fat  globules,  their  concentration,  by  volume  and  size 
distribution,  was  similar  to  that  of  platelet  aggregates  which  could  be  in- 
duced in  vitro  in  the  patients'  arterial  blood  by  adenosine  diphosphate  (ADP) 
and  fell  during  the  first  30  minutes  on  cardiopulmonary  bypass  (52).  In  view 
of  the  presumed  effects  of  cardiopulmonary  bypass  on  the  concentration  and 
on  the  reactivity  of  platelets,  this  reduction  in  microembolization  probably 
resulted  from  alterations  in  the  formation  of  platelet  aggregates.  A subse- 
quent study,  which  appeared  in  Chest  (59)  was  designed  to  determine  whether 
this  reduction  in  platelet  aggregate  microembolization  during  the  first  30 
minutes  of  cardiopulmonary  bypass  was  due  to  thrombocytopenia  or  to  a decreased 
ability  of  platelets  to  aggregate.  The  total  volume  of  platelet  aggregates 
induced  in  blood  by  adenosine  diphosphate  was  measured  with  the  electronic 
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particli'  sijo  analyser.  The  voIupk’  of  platolots  in  blooil  was  calculatod  by 
iiiul  tiplyiiuj  tioinocytoinotfv  platolot  counts  by  ttio  olocti'onical  ly  dotoniiii ned 
moan  platolot  volumo.  Imiiiodi atoly  bofono  cardiopulmonary  bypass,  tho  total 
volumo  of  aiiiiroaa tos  induced  in  blood  by  AHf'  uM)  was  roducod  when  compared 
to  fioriiwil  donors  because  of  1)  a slight  fall  in  tho  volumo  of  platelets  atid 
1)  a reduction  in  the  percentage  by  volumo  of  platelets  which  aggregated. 

After  30  mitiutes  on  bypass,  the  volume  of  both  platelets  arid  aggregates  fell, 
but  a greater  percentage  of  platelets  aggrooated.  This  indicated  that  reduc- 
tion of  platelet  aggregate  formation  during  cardioi'ulmonary  bypass  is  due 
to  thrombocytopenia.  It  also  suggested  that  anesthesia,  surciical  trauma  atui 
fieparinication  alter  platelet  reactivity  more  than  cardio[>ulmonary  bypass. 

Although  the  study  in  Chest  (59)  was  limited  to  determining  the  mechanism 
of  the  reduction  in  microembol i zat ion  during  cardiac  surgery,  the  methods 
utilized  may  be  applicable  to  the  study  of  othei"  clinical  dosorders  in  which 
platelet  aggregation  may  be  of  importance.  These  include  thrombosis  and 
hemostasis  as  well  as  shock,  trauma  and  pulmonary  embolism.  The  electronic 
measurements  of  platelet  aggregates  induced  in  blood  by  API'  in  vitro  provide 
quantitative  assessment  of  the  mass  of  functionitig  platelets  in  blood.  Al- 
though the  platelet  count  provides  the  same  relative  information,  tlie  elec- 
tronic measurements  can  be  performed  more  rapidly  and  easily.  When  combined 
wi til  an  independent  measurement  of  the  number  and  mean  volume  of  platelets 
in  the  blood,  the  electronic  measurement  of  platelet  aggregates  induced  in 
vitro  can  be  used  to  assess  the  capacity  of  the  platelets  to  aggregate.  The 
study  reported  in  Ciiest  demonstrated  that  this  provides  a unique  means  of 
correlatinu  i_n  vj  tjTi^  studies  with  measurements  of  platelet  aggregates  formed 
2_n  vi  VO  in  man. 

Coincident  with  the  above  mentioned  studies  of  particulate  microemboliza- 
tion and  platelet  aigregation  during  heart  surgery,  the  Pepartment  of  Surgery 
of  the  Paylor  College  of  Medicine  began  an  extensive  evaluation  of  the  clini- 
cal usefulness  of  a new  microoorous  membrane  oxygenator  for  use  during  heart 
surgery.  Membrane  oxygenators  have  been  advocated  for  use  during  cardiac 
operations  because  of  the  reduction  in  blood  component  trauma  due  to  elimina- 
tion of  the  blood  gas  interface  created  during  bubble  oxygenation.  In  order 
to  assess  the  effects  of  membrane  oxygenation,  particulate  microemboli  and 
iji  vjtiji  platelet  aggregation  were  studied  in  blood  of  patients  during  car- 
diac operations  (60).  A small  gi'adient  of  microemboli  developed  on  passage 
of  blood  through  a bubble  oxygenator  but  not  through  the  membrane  oxygetiator. 
However,  with  both  types  of  oxygenators,  there  was  a sustained  increase  in  the 
volume  of  microemboli  in  cardiotomy  return  blood  which  was  much  greatei'  than 
in  arterial  blood.  Iniiiediately  after  cardiopulmonary  bypass  with  both  oxy- 
genators, there  was  a comparable  I'eductioti  in  the  volume  of  circulating  plate- 
lets which  exceeded  that  of  the  hemoglobin  concentration,  indicating  platelet 
loss  exceeded  that  expected  from  hemodilution  alone,  tlowever,  the  total 
volume  and  mean  size  of  platelet  aggregates  induced  in  blood  of  patients 
after  membrane  oxygenation  was  significantly  greater  than  similar  measurements 
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after  bubble  oxygenation.  This  study  showed  that  nieiiibrane  oxygenation  reduced 
particulate  niicroembol ization  and  preserved  platelet  function  in  patients 
undergoing  cardiac  operations  when  compared  tr  bubble  oxygenation. 

Although  generation  of  niicroembol  i v/as  reduced  during  membrane  oxygen- 
ation, a large  volume  of  microemboli  was  present  in  cardiotomy  reservoir 
blood.  The  increased  volume  of  microemboli  in  cardiotomy  return  blood  during 
membrane  oxygenation  emphasized  the  continuing  need  for  an  effective  system 
for  filtration  of  cardiotomy  blood  regardless  of  the  type  of  blood  oxygena- 
tor utilized.  Accordingly,  a subsequent  investigation  (61)  was  begun  to 
assess  the  effectiveness  of  various  cardiotomy  reservoirs  and  inline  blood 
filters.  Of  five  cardiotomy  reservoirs  tested  only  one  was  able  to  remove  a 
significant  volume  of  microemboli  larger  than  13  _yu  in  diameter;  however,  its 
filtration  system,  which  consists  of  polyurethane  foam,  was  not  as  effective 
as  the  least  efficient  of  the  inline  blood  filters.  Less  than  10,  by  volume 
of  microemboli  larger  than  32  vu  remained  after  passage  through  all  of  the  in- 
line blood  filters  tested,  but  the  mean  percent  (j;  1 S.E.,  n=8)  of  microemboli 
smaller  than  32  remaining  varied  (25  m pore  polyester  mesh  45  + 5";  polyure- 
thane foam  36  + 3 ; woven  fabric  13  + 2,»;  Dacron  v/ool  12  2")-  The  results 

of  this  suggested  that  the  cost  and  effectiveness  of  blood  filtration  during 
cardiopulmonary  bypass  could  be  improved  by  the  design  of  a cardiotomy  reser- 
voir with  a more  effective  filtration  system  than  is  currently  available. 

This  is  of  importance  because  efforts  directed  at  improving  the  quality  of 
blood  salvaged  intraoperati vely  during  cardiopulmonary  bypass  will  also  be 
useful  in  designing  systems  for  use  during  general  surgical  procedures. 

In  subsequent  work  supported  by  the  U.S.  Army  Contract,  studies  begun 
previously  v;ere  continued  in  three  separate  areas:  1)  Iji  vitro  measurements 
of  platelet  aggregation  using  the  electronic  particle  size  analyzer,  2)  corre- 
lation of  in  vitro  platelet  aggregation  studies  with  alterations  occurring  in 
vivo  in  both  laboratory  animals  and  in  cardiopulmonary  bypass  and  peripheral  ’ 
vascular  surgery  patients,  and  3)  in  vitro  and  in  vivo  evaluations  of  systems 
for  use  during  homologous  and  intraoperative  autologous  transfusions. 

in  VITRO  MEASUREHEIITS  OF  PLATELET  AGGREGATES 

As  described  above,  the  early  work  supported  by  the  U.S.  Army  Contract 
helped  validate  the  electronic  measurements  of  platelet  aggregates  formed 
in  plasma  and  was  published  in  a manuscript  which  appeared  in  the  Journal  of 
Applied  Physiology  in  1975  (56).  Since  then,  subsequent  studies  have  extended 
this  method  of  studying  platelet  aggregation  such  that  quantitative  assess- 
ment of  the  process  in  whole  blood  can  be  accomplished.  These  studies  were 
performed  in  collaboration  with  Dr.  Peter  S.  Kennedy  during  his  tenure  as  a 
Fellow  in  Oncology  at  the  Baylor  College  of  Medicine.  Platelet  aggregates 
induced  in  vitro  by  adenosine  diphosphate  (ADP)  were  used  to  test  the  meas- 
urements. Initial  experiments  demonstrated  that  the  electronic  measurement 
of  platelet  aggregates  and  platelet-rich  plasma  were  not  altered  by  the  addition 
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of  heiiio  1 yz i ncj  aijents  to  the  diluent.  As  platelets  began  to  clump  after  expo- 
sure to  AOP  in  wliole  blood,  tite  total  volume  and  mean  size  of  aggregates  in- 
creased while  there  were  ot)posite  changes  during  platelet  deaggregat ion . With 
hintuM-  concenti'at i ons  of  ADP,  the  total  volume  and  size  of  aggregates  formed 
during  the  initial  sixty  seconds  increased;  subsequently  otily  their  size  in- 
creased and  tiiey  dissociated  more  slowly.  As  the  platelet  concentration  in 
blood  was  increased  by  serial  dilutions,  with  the  hematocrit  maintained  con- 
stant, the  mean  size  of  aggregates  varied  linearly  with  the  total  volume  of 
aggregates  that  were  formed  (linear  correlation  coefficient  = 0.94).  When  the 
platelet  count  in  blood  was  kept  constant,  the  mean  size  of  aggregates  varied 
inversely  with  changes  in  the  hematocrit  (linear  correlation  coefficient  = 

0.98).  These  studies  showed  that  platelet  aggregates  induced  by  ADP  in  whole 
blood  can  be  quantitated  using  tlie  electronic  particle  size  analyzer  and  de- 
fined the  effects  of  changes  in  the  platelet  count  and  in  the  hematocrit  on 
the  resulting  measurements.  This  preliminary  work  suggested  that  measureiDent 
of  the  mean  aggregate  size  wlien  corrected  for  platelet  concentration  and  hema- 
tocrit could  serve  as  an  index  of  the  responsiveness  of  the  circulating  plate- 
lets to  aggregating  agents.  The  first  manuscript  resulting  from  these  studies 
has  ali’eady  been  published  (62)  and  a secofid  has  been  submitted  for  publication. 

In  another  study  recently  completed  in  our  laboratory  in  collaboration 
with  Dr.  T.  W.  Dewitz,  who  is  obtaining  his  Doctor  of  Philosophy  in  the  De- 
partment of  Chemical  Engineering  of  Rico  University,  we  have  examined  the 
effects  of  shear  stress  on  blood  platelets  and  leukocytes  2_n  ;vij^r£.  Micro- 
aggregate size  distributions  were  measured  in  fresli  blood  sheared  in  a rota- 
tional viscometer  at  37*^  C.  The  number  or  total  volume  of  microggregates  13 
to  101  in  diameter  increased  with  shear  stress  at  exposures  of  0 - 300 
dynes/cm^  for  five  minutes.  The  mean  size  of  aggregates  decreased  with  in- 
creased shear  stress,  while  the  aggregabi 1 i ty  with  5.2-2  mM  ADP  was  pro- 
gressively inhibited  after  exposure  to  increased  shear  stress.  We  concluded 
from  these  studies  that  low  shear  stresses  cause  platelets  and  leukocytes  to 
aggregate,  that  somewhat  higher  shear  stresses  tend  to  disperse  aggregates, 
and  that  platelets  develop  a refractory  state  after  shear  stress  such  that 
additional  aggregation  to  exogenous  ADP  is  inhibited.  These  observations 
are  of  relevance  to  the  Army  contract  because  they  were  performed  with  whole 
blood  at  physiologic  temperatures  using  shear  stresses  of  the  same  magnitude 
as  those  which  are  encountered  in  patients.  The  manuscript  of  this  study  has 
been  accepted  for  publication  in  Microvascular  Research  (63). 

EFFECTS  OF  SURGICAL  TRAUMA  AND  BLOOD  TRANSFUSION  ON  A^l-lRLSSlOli 

The  second  major  area  supported  by  the  Army  Contract  is  correlation  of 
measurements  of  platelet  aggregates  formed  j_n  vitro  with  alternations  which 
occur  £1  y_i_vo.  As  a result  of  the  studies  detailed  above,  we  have  developed 
a simple  method  of  determining  the  functional  capacity  of  the  circulating 
blood  platelets  to  aggregate  (19,60,64).  In  a study  which  appeared  in  Su_r£ery, 
Gynecology  a^d  Obstetrics , this  method  was  utilized  to  study  the  platelet 
count  ana  the  Tunctional  capacity  of  the  platelets  to  aggregate  ijy  vj_tjio  be- 
fore and  after  peripheral  vascular  surgical  procedures  during  which  autologous 
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l)li)0(l  Wiis  .idiiiinisti'roil  usitui  <i  siniplo  iiioLhod  ot  i ntr<u)|)('rat.i  vt'  ouLoLriitisf  usioti 
(bi)).  Ihis  study  was  porloniK'd  iti  co  1 I ahoca t, i oti  will)  Dr.  (leonio  1'.  Noon  of 
till'  Cora  and  Web  Mattinii  Di'p.irtim'iit  of  Surqory  of  the  Daylor  Colloiio  of  Modi- 
cino.  IIh'  paiH’r  doscrihos  a siiiipl  i ( iod  inotliod  whoroby  oxtravasa tod  blood 
is  coliooti'd  troiii  tlio  suniical  (iold  in  a rosi'rvoii'  wliicli  is  containod  within 
a tiousimi  attaclii'd  to  a vacuum  sourco.  After  colli'ction  of  tho  blood  into 
one  rosorvoir  within  tho  systoln^  ttio  blood  drains  into  a socond  rosorvoir 
which  can  bo  dotachod  and,  after  removal  of  all  air  within  the  baq,  can  be 
used  for  administration  of  Idood,  either  by  ijravity  drainaqe  or  by  infusion 
with  a standard  pressure  cuff.  1 hi'  paper  described  the  use  of  ttiis  system 
which  can  be  reiidi  ly  utilised  in  any  ofieratinii  room  which  has  a standard  wall 
suction  system.  In  addition  to  the  above  menti  meil  studies  of  the  functional 
capacity  of  the  patient's  circulatini)  blood  platelets,  the  paper  describes 
quantitative  measurements  of  microemboli  in  the  autotrans fused  blood  before 
and  after  filtration  throuqh  various  lilood  filters.  Ttie  total  volume  of  micr'o- 
emboli  measured  in  the  collected  autolo()ous  blood  was  comparable  to  tliat  in 
stored  blood.  Particle  measuremi'iits  after  filtration  wifh  a Dacron  wool  blend 
filter  (Pioneer  filters.  Inc.,  Hillsboro,  Oreqon)  wei'e  reduced  to  about  the 
same  volume  as  in  ttie  conti'ol  s.imple  of  the  patient's  arterial  lilood.  I xiier- 
ience  with  over  IDO  surqical  procedures  indicati'd  that  the  need  for  homolo- 
qous  blood  was  reduced  but  was  not  eliminated.  Ihe  study  indicated  that  intra- 
operative autotrans  fusion  of  blood  with  this  simple  system  was  safe  <!nd  had 
distinct  advantaqes  ovi'r  banked  homolo()ous  blood.  The  results  siniiiested  that 
the  system  could  be  incorporated  into  any  operatinq  room.  If  such  a system 
became  widely  accepted,  its  advantaqes  in  a combat  situation  would  be  siiinifi- 
can  t. 


Another'  paper  in  the  qeneral  are<i  of  correlation  of  in  vitro  and  in  vivc^ 
platelet  aqqreqation  was  continuation  of  studies  pr'eviously  reported  r'elatinq 
chanqes  in  the  cir'culatinq  blood  frlatelets  to  events  which  occur  durinq  cardiac 
surqical  procedur-es  ( SD  ,f)n,t)()) . In  previous  studies  we  had  demonst  rati'd  fhat 
membrane  oxyqenation  reduced  particulate  microembol i/ation  and  preserved  plate- 
let function  in  (ratients  underi|oinq  cai'diac  oper'atiorrs  when  compar-ed  to  bubble 
oxyqenators  (bO).  In  studies  r'ecently  compli'ted,  we  evalu.ited  thi'  effect  of 
two  separ.rte  oxyqenators  and  two  inline  canliotomy  blood  fillers  on  the  func- 
tion of  human  blood  plati'lets  after-  cardioiiulmoitary  bypass.  In  iiritial  studies 
we  measured  platelet  aqqreqates  induced  at  two  hour's  and  twenly- f our-  hour's 
after'  either-  nx'iribr-arro  or  bubble  oxyqerration.  Althouqh  the  total  volume  of 
(ilatelet  ainp-eiia tes  induced  immi'diately  after-  bubble  oxyriena  1 i orr  was  lowi'i-  than  j 

<1  f ter-  membr-ane  oxyifena t ion , tlrer-e  was  no  siqtri  ficarrt  di  I fer-erree  irr  t he  total  j 

volume  of  phrtelet  aqip-eqates  or-  in  the  blood  platelet  courrt  at  two  arni  twenty-  * 

four-  hour's  after-  bypass.  Ibis  suqqested  that  the  defect  irr  (ilatelet  aqqr-eqa-  i 

tiorr  after-  bubble  oxyi)etratiotr,  which  was  most  likely  due  to  (he  lar'i|e  blood  i 

i)as  irrti'r'face  to  which  the  blood  was  exinrsed  dur'irr<|  bubble  oxyi|ena t i on , cor--  ? 

r'ected  itself  withirr  two  hour's  <rfter'  the  |ir'ocedur'e . In  a subsequent  study  | 

similar  mi'its'.ri’ments  wi'r-e  (ler-f or'iried  on  the  blood  of  (lalii'trts  urrder-qo i ni)  mem-  .1 

br-atre  oxyqenatiorr  irr  which  either  a 2b  x 40  micr-on  I'olyester-  mesh  blood  filter-  | 

(Peril  for’()or'a tiorr,  Olen  Covi',  New  Yor'k)  or-  a Dacr'orr  wool  filter-  (Pioneer-  lil-  j 

ter's,  llillsbor-o,  Or-eqorr)  was  incor'(tot'.rted  irrto  the  c.rr-diotomv  r-eser'voir-  line.  J 
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In  Lhoso  (latiiMits  the  ()roo()orati vo  (ilotolet  counts  and  total  voluiiio  ot  plate- 
let apqreyates  induced  in  vitro  were  not  siyni ficantly  different.  However, 
at  tei'iiii nation  of  the  bypass  procedure  and  at  two  and  at  twenty-four  hours 
after  the  procedure,  the  platelet  count  was  lower  in  tlie  yroup  of  patients 
with  the  llacron  wool  filter  when  compared  with  the  25  microti  pore  mesh  filter 
group.  At  two  and  twenty-four^hours  after  bypass,  the  platelet  count  was 
177  f 17  atid  173  » 18  (X103/mm3,  mean  j^Sf)  with  the  Dacron  wool  filter  as 
com()ared  to  L’70  ^42  and  249  ^ 24  with  tlie  25  micron  pore  mesh  filter.  In 
contrast  to  these  measurements,  the  total  volume  of  platelet  aggregates  mea- 
sured at  two  and  twenty-four  hours  was  not  significantly  different  (1.4b  + 

0.13  and  1.54  t 0.12  with  the  Dacron  wool  filter;  1.49  _t_0.1b  and  1.58  * 0.12 
with  tfie  25  micron  pore  mesh  filter).  The  data  indicated  tliat  the  Dacron 
I wool  filter,  which  was  more  efficient  at  removing  the  microemboli  in  tlie  car- 

I diotomy  reservoir  blood,  removed  aggregated  platelets  whicli  were  able  to  aggre- 

I gate.  In  contrast,  the  25  micron  pore  mesh  filter,  which  was  less  efficient 

at  removal  of  the  microemboli  in  the  cardiotomy  reservoir  blood  allowed  a 
significantly  higher  circulating  blood  platelet  count;  however,  there  was 
no  coincident  increase  in  the  total  volume  of  circulating  t'iatelets  which 
were  able  to  aggregate  iji  vi tro.  These  results  suggest  that  the  microemboli 
are  aggregated  platelets  which  subseguently  break  up  and  circulate  but  do  not 
function.  The  significance  of  this  study  is  that  it  utilizes  methodology 
developed  by  the  studies  supported  by  this  contract  which  allow  ijuanti tati ve 
assessment  of  the  relationship  between  the  mass  of  circulating  blood  platelets 
and  the  mass  of  these  platelets  which  are  able  to  aggregate.  An  abstract  (6b) 
of  this  study  has  appeared  and  the  manuscript  is  being  pre[iared  for  publica- 
t i on . 

Another  study  which  has  recently  been  completed  in  the  area  of  correla- 
tion of  iii^  vj.vo  factors  which  alter  ('latelet  aggregation  _m  vj  tj'o  has  been 
submitted  for  publication  to  the  Archives  oj'  Surgery  and  accepte'd  for  publi- 
cation pending  corrections  reguested  by  the  reviewers  (67).  Measurements 
of  platelet  count  and  platelet  aggregation  in  response  to  adenosine  diphos[ihate 
(ADD)  and  epinephrine  were  made  before  and  after  administration  of  preanesthe- 
tic meilications  and  at  intervals  during  induction  of  anesthesia,  before  and 
after  thoracotomy  and  before  and  after  systemic  heparinization  in  patients 
undergoing  cardiopulmonary  bypass  operations.  Significant  decreases  in  circu- 
lating platelet  count  occurred  only  after  induction  of  anesthesia  and  follow- 
ing thoracotomy.  There  was  no  significant  change  in  the  (lercent  of  platelets 
involved  in  aggregation  over  the  period  studied,  but  the  reactivity  of  plate- 
lets was  increased  after  induction  of  anesthesia  and  after  thoracotomy.  In^ 
vitro  incubation  of  citrated  blood  with  beef  heparin  showed  inhibition  of 
platelet  aggregation  at  massive  concentrations  (100  units/ml),  but  not  at 
concentrations  readily  obtained  clinically  (10  units/ml  or  less).  This  study 
represents  the  initial  application  of  tlie  methods  and  concepts  of  filatelet 
aggregation  developed  with  the  support  of  the  U.S.  Army  contract. 

Another  study  completed  during  the  last  year  of  the  Army  contract  was 
an  investigation  of  the  effects  of  acute  changes  in  arterial  blood  gases  and 
pH  on  rat  platelet  aggregation.  Adult  male  Wiston  rats  were  ether  anest  hot  i .’od 


-13- 


in  a closed  chaniher  ventilated  with  a variety  of  cjas  mixtures  adjusted  to 
produce  respiratory  acidosis  alone,  respiratory  acidosis  with  hypoxia,  hypoxia 
with  respiratory  alkalosis,  or  hypoxia  alone.  In  addition  NH4CI  or  NaHC03 
was  itijected  into  the  animals  to  produce  metabolic  acidosis  and  alkalosis. 

One  milliliter  of  blood  was  drawn  from  the  rats  acutely  into  plastic  syringes 
containing  ADP  {2  x 10"'  M,  final  concentration)  and  the  total  volume  and 
mean  size  of  the  platelet  aggregates  induced  within  30  seconds  was  determined 
with  the  electronic  particle  size  analyzer.  The  total  volume  of  aggregates 
induced  in  all  experimental  groups  was  unchanged,  suggesting  that  the  same 
number  of  platelets  aggregated  in  response  to  ADP.  However,  platelets  taken 
from  animals  with  an  acute  respiratory  alkalosis  and  hypoxia  or  metabolic 
alkalosis  formed  larger  aggregates  than  room  air  controls  (p  <■  .06  and  P < 

.06  respectively).  Platelets  from  hypoxemic  animals,  with  or  without  an  as- 
sociated alkalosis  produced  aggregates  which  were  larger  than  controls  (p  < 

.06  and  p < .06  respectively).  Platelets  from  rats  with  an  acute  respiratory 
acidosis  were  associated  with  a small  mean  aggregate  size  (p  < .0001)  when 
compared  to  controls  which  was  reversed  by  the  combination  of  respiratory 
acidosis  and  hypoxemia.  Platelets  from  ammonium  chloride-treated  rats  pro- 
duced aggregates  equivalent  in  size  to  platelets  from  room  air  animals.  To 
our  knowledge  no  investigators  have  examined  the  effect  of  pH  or  blood  gas 
alterations  iji  vivo  on  platelet  aggregation  because  of  the  aggregometer ' s 
need  for  preparation  of  PRP,  with  its  attendant  air  exposure.  The  results 
of  this  study  will  greatly  influence  future  work  under  the  Army  contract, 
since  it  suggests  that  the  effects  of  hypoxia  and  respiratory  acid-base  dis- 
turbances on  platelet  aggregations  should  be  investigated  in  our  patients. 

The  manuscript  of  this  study  has  been  submitted  for  publication  to  the  Anc]Tiv.ei, 
0 f_  Surgery  ( 68 ) . 

Mj CROEMBOLIZATION  AND  BLOOD  TRAHSFUSION 

The  third  major  area  of  interest  of  the  studies  supported  by  the  Army 
contract  relates  to  quantitation  of  the  extent  of  microembol ization  which 
occurs  in  patients  as  a result  of  surgical  trauma  and  blood  transfusion. 

These  studies  relate  primarily  to  blood  filtration  during  homologous  and  auto- 
logous transfusion.  One  study  describes  a simple  method  of  intraoperative 
autotransfusion  which  reported  studies  of  the  microaggregates  which  developed 
in  blood  extravasated  during  peripheral  vascular  surgical  procedures  (66). 

The  microeniboli  in  the  extravasated  blood  had  physical  and  filtration  char- 
acteristics similar  to  those  previously  reported  for  both  stored  blood  (67) 
and  blood  extravasated  into  the  pericardium  during  cardiopulmonary  bypass 
procedures  (63). 

A second  study  which  was  performed  with  the  support  of  the  Army  contract 
funding  (69)  investigated  the  microeniboli  which  remain  in  the  blood  which  is 
contained  within  the  heart-lung  bypass  circuit  after  termination  of  a cardiac 
operation.  This  blood  is  routinely  readministered  to  the  patient  and  in  the 
study  reported  was  found  to  contain  a large  quantity  of  microembol i which 
were  readily  removed  by  a commercially  available  cell  washing  system.  The 
results  of  this  study  indicated  that  the  use  of  a cell  washer  will  reduce  the 
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total  Volume  of  im’croenibol  i which  would  be  administered  to  a patient.  This 
confirmed  previous  in  vitro  measurements  of  the  physical  characteristics  of 
the  microaggregates  in  stored  blood  (57)  and  suggested  that  a cell  washing 
system  which  was  capable  of  removing  microaggregates  from  large  quantities 
of  either  homologous  or  autologous  blood. 

The  third  study  relating  to  filtration  of  stored  blood  has  appeared  in 
Transfusion  (70).  This  reports  results  of  an  in  vitro  evaluation  of  five 
different  commercially  available  blood  filters  and  reports  on  their  filtration 
efficiency  during  gravity  and  pressure  flow,  as  well  as  on  their  flow  char- 
acteristics. The  blood  filters  tested  were  1)  the  Dacron  wool  filter  (Pio- 
neer Laboratories,  Hillsboro,  Oregon),  2)  the  Ultipore  filter  (a  25  x 40  micron 
pore  mesh  polyester  filter,  Pall  Corporation,  Glen  Cove,  New  York),  3)  the 
Intercept  blood  filter  (Johnson  & Johnson,  New  Brunswick,  New  Jersey),  4)  the 
Fenwal  microaggregate  blood  filter  (Fenwal  Laboratories,  Morton  Grove,  Illinois), 
and  5)  the  Bentley  blood  filter  (PF124,  Bentley  Laboratories,  Santa  Anna, 
California).  The  results  of  this  study  demonstrated  that  the  Dacron  wool 
filter  was  the  most  effective  at  removing  particulate  material  from  stored 
blood  in  a size  ranging  from  13  to  100  microns.  The  Intercept,  the  Bentley 
and  the  Microaggregate  blood  filters  were  all  intermediate  in  filtration  effi- 
ciency, whereas  the  25  x 40  micron  pore  mesh  filter  was  the  least  effective 
at  removing  particulate  material  from  the  stored  blood.  However,  the  25  x 40 
micron  pore  mesh  filter  had  the  best  flow  characteristics  in  that  it  was  able 
to  sustain  a significant  flow  rate  with  gravity  pressure  after  filtration  of 
three  units  of  outdated  stored  blood,  whereas  all  of  the  other  filters  required 
pressure  infusion  for  maintenance  of  an  adequate  flow  rate.  In  addition, 
this  study  reported  results  of  the  microscopic  and  electronic  particle  size 
analyzer  assessment  of  the  amount  of  particulate  material  which  would  be  washed 
off  the  various  commercially  available  blood  filters  and  which  may  result  in 
embolization  of  foreign  material  to  the  patient. 

These  initial  studies  performed  under  the  present  U.S.  Army  contract 
have  demonstrated  that  the  electronic  particle  size  distribution  measurements 
are  able  to  quantitate  the  extent  of  microembolization  which  develops  in  man 
during  surgical  procedures.  They  indicate  that  platelet  aggregates  contri- 
bute significantly  to  the  formation  of  microemboli  in  man.  In  addition,  tie 
changes  in  the  mass  of  circulating  platelets  which  function  resulting  from 
surgical  trauma,  blood  oxygenation  and  blood  filtration  have  been  investigated 
utilizing  a new  method  of  assessing  platelet  function  in  blood.  However,  the 
effect  of  shock  and  respiratory  failure  on  intravascular  platelet  aggregation 
has  not  been  extensively  studied.  The  objective  of  the  future  studies  under 
the  present  contract  will  be  to  continue  ongoing  studies  of  the  effects  of 
these  clinical  variables  on  platelet  aggregation  in  man. 
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